The ability of transforming growth factor-␤1 (TGF-␤1) to induce epithelial-mesenchymal transition (EMT) in alveolar epithelial cells (AEC) in vitro and in vivo, together with the demonstration of EMT in biopsies of idiopathic pulmonary fibrosis (IPF) patients, suggests a role for TGF-␤1-induced EMT in disease pathogenesis. We investigated the effects of N-acetylcysteine (NAC) on TGF-␤1-induced EMT in a rat epithelial cell line (RLE-6TN) and in primary rat alveolar epithelial cells (AEC). RLE-6TN cells exposed to TGF-␤1 for 5 days underwent EMT as evidenced by acquisition of a fibroblast-like morphology, downregulation of the epithelial-specific protein zonula occludens-1, and induction of the mesenchymal-specific proteins ␣-smooth muscle actin (␣-SMA) and vimentin. These changes were inhibited by NAC, which also prevented Smad3 phosphorylation. Similarly, primary alveolar epithelial type II cells exposed to TGF-␤1 also underwent EMT that was prevented by NAC. TGF-␤1 decreased cellular GSH levels by 50 -80%, whereas NAC restored them to ϳ150% of those found in TGF-␤1-treated cells. Treatment with glutathione monoethyl ester similarly prevented an increase in mesenchymal marker expression. Consistent with its role as an antioxidant and cellular redox stabilizer, NAC dramatically reduced intracellular reactive oxygen species production in the presence of TGF-␤1. Finally, inhibition of intracellular ROS generation during TGF-␤1 treatment prevented alveolar EMT, but treatment with H2O2 alone did not induce EMT. We conclude that NAC prevents EMT in AEC in vitro, at least in part through replenishment of intracellular GSH stores and limitation of TGF-␤1-induced intracellular ROS generation. We speculate that beneficial effects of NAC on pulmonary function in IPF may be mediated by inhibitory effects on alveolar EMT. alveolar epithelium; lung injury; idiopathic pulmonary fibrosis; transforming growth factor-␤; glutathione; reactive oxygen species MYOFIBROBLASTS ARE CENTRAL to the process of fibrosis in the lung. They function as the primary source of excess extracellular matrix (ECM) deposition during lung remodeling after injury, are the primary effectors of alveolar architectural destruction, and figure prominently in the pathogenesis of chronic interstitial lung diseases such as idiopathic pulmonary fibrosis (IPF) (31). Replacement of functional lung alveoli with collagen-rich ECM leads to irreversible loss of lung function resulting in a rapid and severe decrease in lung compliance with a postdiagnosis survival for IPF of 2-5 years (27, 28) . The development of effective therapies has to this point been thwarted at least in part by a poor understanding of the cellular origin of the myofibroblast itself. In this regard, epithelial-mesenchymal transition (EMT) of alveolar epithelial cells (AECs) has recently been implicated as an important source of myofibroblasts during fibrogenesis (19, 21, 43) . Elucidation of the mechanisms of alveolar EMT and the development of therapies directed towards modulating EMT are therefore clearly needed.
MYOFIBROBLASTS ARE CENTRAL to the process of fibrosis in the lung. They function as the primary source of excess extracellular matrix (ECM) deposition during lung remodeling after injury, are the primary effectors of alveolar architectural destruction, and figure prominently in the pathogenesis of chronic interstitial lung diseases such as idiopathic pulmonary fibrosis (IPF) (31) . Replacement of functional lung alveoli with collagen-rich ECM leads to irreversible loss of lung function resulting in a rapid and severe decrease in lung compliance with a postdiagnosis survival for IPF of 2-5 years (27, 28) . The development of effective therapies has to this point been thwarted at least in part by a poor understanding of the cellular origin of the myofibroblast itself. In this regard, epithelial-mesenchymal transition (EMT) of alveolar epithelial cells (AECs) has recently been implicated as an important source of myofibroblasts during fibrogenesis (19, 21, 43) . Elucidation of the mechanisms of alveolar EMT and the development of therapies directed towards modulating EMT are therefore clearly needed.
To date, the only successful clinical trial demonstrating preservation of lung function in patients with IPF utilized oral N-acetylcysteine (NAC) (10) . NAC is a powerful antioxidant shown to react specifically with several reactive oxygen species (ROS), as well as serving as a precursor for intracellular glutathione synthesis (3) . While the mechanism(s) underlying the clinical efficacy of NAC are not understood, glutathione is critical to maintaining intracellular redox states and reduces intracellular ROS production. Patients with IPF have severely decreased tissue glutathione levels and high levels of hydrogen peroxide in epithelial lining fluid (5, 24) , and increased levels of oxidized glutathione are seen in IPF patients, a direct indicator of oxidative stress (25) . Cellular ROS production and a limited ROS scavenging capability due to reduced glutathione stores activates a variety of signaling molecules, including MAPK/ERK, p38 MAPK, Smad proteins, and the transcription factors HIF-1 and AP-1, which may induce EMT and propagate fibrosis (1, 15, 23) . In addition, the predominant effector of EMT, transforming growth factor (TGF)-␤1, inhibits ␥-glutamylcysteine synthase, the rate-limiting enzyme in glutathione synthesis (2, 17, 33) , while also directly inducing cellular ROS production (16, 30) . Together, these findings suggest that the interaction of TGF-␤ and cellular ROS generation may contribute to the induction of alveolar EMT and subsequent parenchymal fibrosis.
In this study, we investigated the hypothesis that NAC inhibits TGF-␤1-induced EMT. We induced EMT in vitro in both an alveolar epithelial cell line (RLE-6TN) and primary alveolar epithelial type II cells and assessed the effects of NAC on cell morphology, loss of epithelial markers, acquisition of mesenchymal markers, and phosphorylation of Smad3 during TGF-␤1-induced EMT. Effects of NAC on intracellular glutathione content and cellular ROS production were evaluated, and the efficacy of NAC in upregulating intracellular glutathione content was compared with direct provision of glutathione in the form of glutathione monoethyl ester (GME). Finally, the effects of direct treatment of AECs with H 2 O 2 as well as the effects of inhibition of NADH-oxidase during TGF-␤-induced EMT were assessed to distinguish whether TGF-␤-specific ROS generation is necessary for induction of EMT or whether general oxidant stress and depletion of intracellular glutathione is sufficient to induce EMT.
MATERIALS AND METHODS
Culture of RLE-6TN cells. RLE-6TN cells, a rat type II alveolar epithelial cell line purchased from American Type Culture Collection (Manassas, VA), were maintained in RPMI 1640 (Invitrogen, Carlsbad, CA) medium supplemented with 5% heat-inactivated FBS, 100 U/ml penicillin, 100 g/ml streptomycin, and nonessential amino acids. Cells were plated in six-well dishes or on chamber slides and allowed to attach overnight in media alone, after which cells were maintained in either media alone or media supplemented with 1 ng/ml rh-TGF-␤1 (R&D Systems, Minneapolis, MN) with or without addition of 5 mM NAC (Sigma, St. Louis, MO) for 5 days. A dose response experiment done early in our work (data not shown) showed that 5 mM was more effective than 0.5 mM, but that 10 mM or higher was toxic, leading us to utilize 5 mM as the dose in all of our experiments. Media and additives were replaced every 24 h. Cultures were maintained at 37°C and 5% CO2.
Primary cell isolation and culture. All animal studies were approved by the Institutional Animal Care and Use Committee at St. Joseph's Hospital and Medical Center. Type II AEC were isolated from Sprague-Dawley rats, ϳ40 days of age, as previously described (6) . Cells were plated on 0.4-m pore polycarbonate Transwell filters (Corning, Acton, MA), and initial cell purity was consistently 92-97% as determined by surfactant protein C staining. Fibroblasts were eliminated by supplementing media with 100 g/ml cis-OH-proline for the first 48 h after plating, as previously described (44) . Following the initial period in cis-OH-proline, cells were maintained in minimally defined serum-free media (6) with or without addition of 1 ng/ml TGF-␤1, 5 mM NAC, and/or 50 M H2O2 for up to 10 days.
Immunoblotting. Cell cultures were lysed with 1% SDS lysis buffer on ice for 30 min and briefly sonicated. Protein sample concentrations were determined using a standard protein concentration assay (Biorad, Hercules, CA). Samples were resolved on 10% acrylamide gels and transferred to nitrocellulose membranes. Membranes were blocked in 5% nonfat dry milk in Tris-buffered saline with Tween (TBS-T; pH 7.4) either overnight at 4°C or for 1 h at room temperature (RT). Incubation with primary antibodies was carried out overnight at 4°C, and HRP-conjugated secondary antibody incubation was at RT for 2 h. Primary antibodies for ␣-smooth muscle actin (␣-SMA), vimentin, and ␤-actin were obtained from Sigma, ZO-1 antibody was purchased from Zymed (San Francisco, CA), phosphoSmad3, total Smad antibodies, and all secondary antibodies were from Cell Signaling (Danvers, MA). Blots were imaged on a Kodak Image Station equipped with Molecular Imaging software version 4.05 and analyzed with Adobe Photoshop CS3 (Adobe Systems, San Jose, CA).
Immunofluorescence. Cells were fixed for 30 min in either methanol or 4% paraformaldehyde. Monolayers were then permeabilized with 0.2% Triton X-100 and blocked for up to 1 h at RT with CAS block (Invitrogen-Zymed). Slides and filters were incubated with primary antibodies overnight at 4°C and incubated with Alexa Fluor (Invitrogen-Molecular Probes)-conjugated secondary antibodies at RT for up to 2 h. Mouse (Chemicon, Billerica, MA) and rabbit IgG (Upstate, Lake Placid, NY) were used as isotype controls. Slides were mounted with Vectashield with DAPI (Vector Labs, Burlingame, CA) and coverslipped. Slides were imaged on a Zeiss Axioscope utilizing Axiovision software (Zeiss, Thornwood, NY).
Determination of intracellular glutathione content. Cells were cultured as described above and lysed on day 5 of treatment. Total glutathione levels were determined by measuring the conversion of 5,5Ј-dithiobis(2-nitrobenzoic acid) in the presence of GSH to 2-nitro-5-thiobenzoic acid with a colorimetric assay (Dojindo, Rockville, MD). Sample absorbance was read at 415 nm. Cellular glutathione levels were normalized to total protein, as determined by a standard protein assay (Bio-Rad).
Treatment with GME. To compare the efficacy of NAC with that of direct glutathione replenishment, RLE-6TN cells were treated with GME (400 M-2.5 mM) with or without TGF-␤1 for 5 days. Concentrations of GME (Calbiochem) were based on a dose response curve generated by measuring replenishment of intracellular glutathione levels detected by the method described above (data not shown). Media were changed every 24 h, and cells were lysed at the end of treatment.
Intracellular ROS levels. The effect of NAC on TGF-␤1-induced ROS production was assessed by the rate of conversion of 5-carboxy-2Ј,7Ј-dichorodihydrofluorescein diacetate (carboxy-H2DCFDA) to its reduced fluorescent configuration. RLE-6TN cells were cultured in 96-well plates with or without TGF-␤1, NAC, or both. As a positive control for intracellular ROS production, cells were treated with 100 M tert-butyl hydroperoxide. At each time point, cells were incubated with carboxy-H 2DCFDA (Molecular Probes). Nuclei were stained with Hoechst dye. ROS levels were quantified by measuring excitation/emission at 495/529 nm on a 96-well plate reader (Beckman Coulter, Fullerton, CA). Total cell counts were obtained and utilized to normalize ROS level readings. Live cell ROS production and cell count images were acquired on a Zeiss Axioscope using standard fluorescence filters.
Inhibition of NADH oxidase. The contribution of intracellular ROS generation to the process of TGF-␤-induced EMT was assessed by treatment of AECs with diphenyliodonium (DPI), an inhibitor of NADH oxidase. AEC were cultured for 2 days and then treated with 1 ng/ml TGF-␤1 with and without DPI at 5 M. Cells were then lysed, and protein was harvested for analysis by immunoblotting as described above.
Statistics. Data are expressed as means Ϯ SE. Raw densitometry data were normalized to control levels and expressed as fold change. Immunoblot densitometry, glutathione, and ROS data were analyzed by ANOVA followed by Newman-Keuls posttest. Significance was defined as P Ͻ 0.05.
RESULTS

Inhibition of TGF-␤1-induced EMT by NAC.
Effects of NAC on TGF-␤1-induced EMT were assessed by changes in cell morphology and expression of a panel of mesenchymal and epithelial protein markers. Control RLE-6TN cells maintained in media alone exhibited a rounded cobblestone appearance (Fig. 1A) . After treatment with TGF-␤1, RLE-6TN cells displayed an increase in overall size, loss of cell-cell contacts, and assumed a fibroblast-like morphology (Fig. 1B) . Cells treated with 5 mM NAC in the presence or absence of TGF-␤1 retained their rounded shape and cobblestone appearance consistent with retention of the epithelial phenotype (Fig. 1, C and D) .
Immunofluorescence microscopy in control RLE-6TN cells demonstrated localized expression of the epithelial marker ZO-1 at cell borders and relatively low levels of expression of the mesenchymal markers ␣-SMA and vimentin (Fig. 2, A, D , and G). TGF-␤1 treatment reduced membrane-associated expression of ZO-1 with loss of expression at cell borders, and concomitant increases in expression of ␣-SMA and vimentin in a fibril-associated pattern (Fig. 2, B, E, and H) . Cells treated concurrently with NAC and TGF-␤1 retained high levels of localized expression of epithelial ZO-1 and showed no increase in mesenchymal markers (Fig. 2, C, F, and I) . Notably, control cells treated with NAC alone exhibited even lower levels of ␣-SMA and vimentin than the relatively low levels detected in untreated control cells (data not shown).
Immunoblot analysis of expression levels of mesenchymal markers corroborated the immunofluorescence data (Fig. 3) . Expression of ␣-SMA and vimentin in TGF-␤1-treated RLE-6TN cells increased ϳ75% compared with control cells. In cells treated with NAC and TGF-␤1, both ␣-SMA and vimentin expression levels were unchanged compared with untreated cells. To ensure that these findings were not specific to this cell line, we also determined expression levels in freshly isolated rat alveolar type II cells that underwent the same series of treatments. Primary AECs demonstrated similar relative changes in expression of ␣-SMA and vimentin as seen in RLE-6TN cells following treatment with TGF-␤1. Following treatment with NAC in both control and TGF-␤1-treated cells, levels of ␣-SMA were maintained below control levels, and vimentin levels were cut to nearly one-half of those of control cells. NAC also significantly inhibited the increase in the phosphorylation of Smad3 seen with TGF-␤1 treatment (Fig. 4) .
Interestingly, while NAC preserved the membrane localization of ZO-1 and appeared to prevent its removal from cell borders following TGF-␤ treatment, the overall expression levels of ZO-1 in primary AEC were not significantly changed by NAC (Fig. 5) . Treatment with TGF-␤1 caused a significant decrease in cellular expression levels of ZO-1, but levels of ZO-1 were not restored to baseline levels in NAC-treated cells in the presence of TGF-␤1.
Mechanisms of ROS-mediated alveolar EMT. NAC functions to reduce intracellular ROS levels in a variety of ways, but is generally thought to predominantly provide a substrate for glutathione generation. To compare our findings with NAC with directly providing glutathione, we treated cells with GME, a cell-permeable glutathione precursor in place of NAC, and evaluated the effects on TGF-␤1-induced EMT. Similar to NAC, GME was able prevent TGF-␤1 induction of ␣-SMA and vimentin (Fig. 6A ) at doses as low as 400 M.
To determine if extracellular oxidative stress alone is sufficient to induce alveolar EMT, AEC were treated with H 2 O 2 , and effects on epithelial and mesenchymal markers were assessed. A range of doses of up to 100 M was utilized (10 -100 M) until cells were no longer viable. The maximum viable dose of 50 M was used to treat AEC for 5 days. H 2 O 2 treatment had no effect on the expression of ␣-SMA, vimentin, or E-cadherin despite the fact that it is well known to induce oxidative stress and deplete cellular antioxidants (Fig. 6B) .
To determine if the induction of EMT by TGF-␤1 required the generation of intracellular ROS, AEC were treated with an inhibitor of NADH oxidase (DPI) concurrently with TGF-␤1. DPI significantly decreased the TGF-␤1-mediated induction of ␣-SMA and vimentin (by 70 and 82%, respectively) and preserved the expression of E-cadherin (Fig. 6C) . These findings indicate that the effects of glutathione on TGF-␤-induced EMT are likely not just the result of restoration of cellular glutathione levels but also the inhibition of the effects of TGF-␤ on intracellular ROS production.
Intracellular glutathione levels were also compared in RLE-6TN cells with and without TGF-␤1 and NAC and normalized to total protein concentrations (Fig. 6D) . TGF-␤1 treatment reduced intracellular glutathione to less than one-half of that in control cells, whereas glutathione levels in cells treated with both NAC and TGF-␤1 were maintained above that of control cells.
Finally, we measured total cellular ROS in RLE-6TN cells treated with and without TGF-␤1 and NAC (Fig. 6E) . TGF-␤1 treatment resulted in an increase in ROS production of 60% compared with control (P Ͻ 0.05). Treatment with NAC in the presence of TGF-␤1 prevented this increase and maintained intracellular ROS levels at ϳ20% below that of control cells.
DISCUSSION
In the present study, we demonstrate that treatment of both primary rat alveolar epithelial cells and an alveolar epithelial cell line (RLE-6TN) with NAC inhibits aspects of TGF-␤1-induced EMT. NAC preserved epithelial cell morphology, maintaining cell size, shape, and cell-cell contacts, and prevented the TGF-␤1-induced transition to a fibroblast-like phenotype. NAC also dramatically reduced TGF-␤1-induced expression of the mesenchymal markers ␣-SMA and vimentin, as well as phosphorylation of Smad3. Additionally, membrane localization of ZO-1 was preserved with NAC treatment compared with TGF-␤1 alone. Whereas with TGF-␤1 treatment we saw a decrease in overall expression of ZO-1 and a steady loss from cellular borders, NAC preserved ZO-1 membrane localization, although not overall expression. Glutathione levels were preserved in the presence of NAC, reinforcing its role as a source of cysteine and a glutathione precursor. In addition, TGF-␤1-induced increases in cellular ROS were significantly reduced with NAC treatment. The effects of NAC were recapitulated by treatment with GME. Furthermore, inhibition of the intracellular generation of ROS during TGF-␤1 treatment by DPI also prevented alveolar EMT. Finally, treatment with H 2 O 2 alone did not induce EMT, suggesting that oxidantmediated depletion of glutathione stores alone is not sufficient to induce EMT. Together, our findings suggest that NAC inhibits TGF-␤1-induced EMT through replenishment of intracellular glutathione stores and prevention of the generation of intracellular ROS.
Despite intensive efforts over many years to determine the causes of and investigate potential treatments for fibrotic diseases of the lung such as IPF, few effective therapies exist for this disease, and our understanding of its pathogenesis is limited at best (27) . Our group (44) and others (45) have recently demonstrated that EMT can be induced in AECs in vitro and that EMT may be highly prevalent in the epithelium during fibrotic lung injury (22) . Given these findings, and the knowledge that inflammation may not play a major role in the propagation of fibrosis once it is established (11), we have been interested in investigating "epithelio-centric" therapies. Any intervention that could target the epithelium, promote "appropriate" epithelial survival, proliferation, and differentiation, reduce intracellular epithelial oxidative stress, and inhibit alveolar EMT may have great potential to improve epithelial integrity and promote repair after lung injury.
NAC is a commonly used and readily available agent that in addition to effects on other cell types, e.g., fibroblasts (34) , may have potential as a pulmonary epithelium-preserving intervention. NAC is a precursor in the glutathione synthetic pathway, and its administration results in replenishment of intracellular glutathione stores and an increase in free radical scavenging, thereby protecting cells from oxidative damage (13) . Both inhaled and oral NAC attenuate lung fibrosis induced by bleomycin in mice (14, 38) and rats (46) . Glutathione administration inhibited oxidant-induced changes in alveolar epithelial permeability (36) and reversed the oxidant/ antioxidant imbalance found in the lungs of patients with IPF (5). Most importantly, oral NAC administered to patients with IPF preserved clinical pulmonary function over a period of 1 year (10). This latter finding represents the first intervention identified to date that had a significant effect on the course of IPF. However, the mechanism by which NAC attenuates fibrosis in the lung and to some extent maintains pulmonary function is largely unknown. Given the dramatic effects of NAC on alveolar EMT in vitro demonstrated in this study, we hypothesize that effects of NAC on the alveolar epithelium, specifically NAC-mediated inhibition of alveolar EMT, may play an important role in its salutary clinical effects in pulmonary fibrosis. However, the specific mechanistic role of NAC in alveolar EMT is completely unknown.
TGF-␤1 is the primary cytokine initiating fibrosis in many organs including the lung (39) . Interestingly, the generation of intracellular ROS mediates or accentuates many of the myriad signaling events induced by TGF-␤1. TGF-␤1 induces the Fig. 3 . NAC prevents EMT in both an AEC line (RLE-6TN) and primary AEC. A: NAC prevents TGF-␤1-induced increases in the mesenchymal marker vimentin in both RLE-6TN cells (black bars) and primary AEC (gray bars). B: NAC also prevents TGF-␤1-induced increases in the myofibroblast marker ␣-SMA in both RLE-6TN cells (black bars) and primary AEC (gray bars). *Significantly different from TGF-␤1. †Significantly different from control. N ϭ 3-5. Fig. 4 . NAC prevents TGF-␤1-mediated phosphorylation of Smad3. RLE-6TN cells demonstrate significant phosphorylation of Smad3 2 h after treatment with TGF-␤1. NAC alone did not induce Smad3 phosphorylation. NAC treatment at 5 mM concurrently with TGF-␤1 treatment completely inhibits Smad3 phosphorylation. Protein loading was normalized to total cellular protein, and total cellular levels of Smad3 and Smad4 were assessed as a loading control and used for normalization of phospho-Smad3 levels. *Significantly different from TGF-␤1. activation of a hydrogen peroxide-generating NADH oxidase in pulmonary fibroblasts, with a subsequent dramatic increase in the intracellular ROS burden (41) . ROS generation is required for the activation of MAPK/ERK and the transcription factor AP-1 by TGF-␤1 in human lung fibroblasts (20) leading to fibroblast activation and the generation of myofibroblasts. Finally, the activation of MAPK/ERK, p38 MAPK, and Smad proteins by TGF-␤1 was effectively inhibited by antioxidants during TGF-␤1-induced EMT in renal tubular epithelial cells (35) . Together, these findings suggest that TGF-␤1-induced induction of cellular ROS result in the activation of fibrosispromoting pathways in both fibroblasts and epithelial cells. In addition, it is clear that both Smad-mediated and non-Smadmediated signaling pathways, likely through the generation of intracellular ROS, play critical roles in the induction of EMT (35, 42) . The use of NAC to reduce ROS production in epithelial cells may therefore be effective in the inhibition of TGF-␤1-initiated signaling cascades that lead to alveolar EMT and the propagation of fibrosis through this pathway.
In addition to promoting pathogenetic signaling cascades relevant to EMT, oxidative stress has additional directly deleterious effects on the pulmonary epithelium. Hydrogen peroxide increases epithelial permeability (37) and inhibits epithelial wound repair (12) . Cigarette smoke-induced oxidative stress results in growth arrest and apoptosis of AEC (34), and ROS production has been demonstrated to be elevated in phagocytes and AEC from patients with pulmonary fibrosis (7, 24) . Clearly, ROS related to both intracellular signaling and direct cellular damage play significant roles in a variety of pulmonary diseases that are characterized by derangements of the alveolar epithelium.
Glutathione is used as a primary defense against oxidative stress in many cell types and is dramatically reduced in the lungs of patients with IPF (33) . We found in the current study that intracellular glutathione levels were dramatically reduced after treatment with TGF-␤1 and that NAC treatment restored levels to those found in control cells. Depletion of intracellular glutathione was previously demonstrated to occur in AECs after treatment with TGF-␤1 and was postulated to underlie the deleterious effects of TGF-␤1 during acute lung injury (32) . In a recent small study, ARDS patients with null polymorphisms of glutathione-S-transferase demonstrated an increased mortality compared with controls (29) , suggesting that an inability to regenerate glutathione is critical to cellular physiological defenses during lung injury. Of note, it has been shown that relative intracellular glutathione levels can determine whether intracellular ROS act as second messengers or induce direct oxidative stress (9) . Our data indicate that the generation of intracellular ROS by TGF-␤1 is necessary for the induction of EMT, given that DPI effectively prevented TGF-␤1-induced EMT. This is in agreement with previous studies demonstrating that ROS mediate the activation of a variety of downstream mediators and transcription factors, including NF-B, Smad proteins, PAI-1, and others, some of which may themselves promote EMT (4, 8, 18 ). Interestingly, treatment with H 2 O 2 did not induce EMT in AEC, suggesting that critical oxidant levels are necessary but not sufficient to induce EMT. Together, our data suggest that TGF-␤1-induced elevations in intracellular ROS mediate the downstream activation of signaling mediators, including Smad3, that lead to EMT. NAC likely serves to limit the generation of intracellular ROS as well as to maintain a critical threshold of intracellular glutathione, effectively preventing downstream TGF-␤1 signaling events and EMT.
Our study does have some limitations. The study was performed using in vitro culture models, and as such it remains to be determined whether NAC can inhibit EMT in vivo in animal models of lung injury. Further studies examining the use of NAC during in vivo induction of fibrosis to determine the extent of protection against alveolar EMT are clearly needed. One potential limitation of the application of NAC therapy is the relatively high dose needed in our studies to prevent EMT, although some effect was noted at lower concentrations (data not shown). While concentrations of thiols in bronchoalveolar lavage fluid can be obtained that are similar to those needed in our current study (26) , and other recent in vivo studies have used similar doses (40) , the achievement of such levels consistently in animals or in patients may be difficult without creative strategies for delivery and release of glutathione specifically in the lung. Finally, while we have demonstrated that NAC reduces cellular ROS and preserves cellular glutathione and that the prevention of intracellular ROS generation prevents EMT, a deeper investigation of the specific signaling pathways that may be inhibited is also clearly needed.
In conclusion, our results demonstrate that NAC is an effective inhibitor of EMT in AECs in vitro, through stabilization of AEC intracellular redox state and preservation of intracellular glutathione levels. Combined with the recent clinical findings demonstrating the unique effectiveness of NAC in stabilization of lung function in patients with IPF, and the potential pathogenetic importance of alveolar EMT in pulmonary fibrosis, further in vivo studies of NAC-mediated inhibition of alveolar EMT are needed.
